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In t roduc t ion  

The need f o r  an  automated b e t a t r o n  tune  measurement system on t h e  AGS has  

i n  t h e  pas t  always been marginal .  However, with t h e  upcoming program t o  ac- 

celerate  po la r i zed  protons on a n  o p e r a t i o n a l  b a s i s ,  knowledge and c o n t r o l  of 

t h e  tune  w i l l  become v i t a l .  Since t h e  tune  and t h e  chormat ic i ty  w i l l  be care-  

f u l l y  programmed throughout t h e  a c c e l e r a t i o n  cyc le ,  cons tan t  monitor ing of t h e  

tune  v a r i a t i o n  w i l l  be necessary.  0 With t h e  advent of H-  i n j e c t i o n  i n  t h e  f a l l  of 1982, more c a r e f u l  c o n t r o l  

of t h e  tune  at  low energy may be necessary  t o  t a k e  f u l l  advantage of increased  

cu r ren t  t h a t  can be  i n j e c t e d .  

p r o f i l e  monitors it should be poss ib l e  t o  t es t  va r ious  tune  opera t ing  po in t s  

as a func t ion  of time i n  t h e  a c c e l e r a t i o n  c y c l e  so as t o  minimize t r a n s v e r s e  

d i l u t i o n .  

monitor ing s y s t  em. 

Also, i n  conjunct ion  wi th  t h e  new i o n i z a t i o n  

Both of t h e s e  programs would b e n e f i t  from a r e a d i l y  a v a i l a b l e  tune  

It i s  t h e  purpose of t h i s  r epor t  t o  d e s c r i b e  t h e  elements necessary  f o r  

such a system, inc luding  two poss ib l e  op t ions ,  e i t h e r  of which could r e a d i l y  be  

implemented on t h e  AGS and t o  l i s t  some of t h e  r equ i r ed  des ign  parameters. 

Coherent Exci t  a t  ion  

It i s  always assumed t h a t  t h e  i n t e g e r  p a r t  of t h e  t u n e  i s  known and a l s o  

whether t h e  f r a c t i o n a l  p a r t  q i s  > o r  < 0.5. 

measures t h e  frequency (1-q)f o r  qf  where f i s  t h e  r o t a t i o n  frequency which 

must a l s o  be measured. I f  t h e  l a t t e r  i s  not a v a i l a b l e  as i n  t h e  c a s e  of a d .c .  

beam, t h e n  both t h e  coherent f requencies  can be measured and added. In  o rde r  

t o  measure q ,  coherent t r a n s v e r s e  motion of t h e  beam must be induced. 

be i n  t h e  form of an impulse o r  f a s t  k i c k  l a s t i n g  f o r  one r e v o l u t i o n  

Then t o  o b t a i n  q one gene ra l ly  

0 0 0 

This  can 
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period o r  less o r  so-cal led r f  knockout where a s inuso ida l  d e f l e c t i o n  s i g n a l  a t  

one of  t h e  f requencies  f = h-Q 1 f i s  appl ied .  Both op t ions  have been used 

i n  t h e  AGS i n  t h e  pas t .  3~ 4~ 

machine l i k e  t h e  AGS where a t  low ene rg ie s  f i s  changing r e l a t i v e l y  r ap id ly  

with t i m e ,  r f  e x c i t a t i o n  i s  not  r e a l l y  s u i t a b l e .  I n  any event ,  at  h ighe r  

ene rg ie s  above t r a n s i t i o n  ( Y 
becomes l a rge ,  d e t e c t i o n  of t h e  coherent s i g n a l  i s  very d i f f i c u l t  un le s s  t h e  

e n t i r e  beam i s  exc i t ed .  Hence, f u l l  a p e r t u r e  k i cke r  magnets f o r  both planes as 

are  employed i n  many o t h e r  a c c e l e r a t o r s  2~ 6~ 

m 0 

However, f o r  on-l ine measurements i n  a 

0 

8.5) where t h e  n a t u r a l  h o r i z o n t a l  chromat ic i ty  t r  

are d e s i r a b l e .  

The shape of t h e  k i cke r  pu lse  w i l l  determine t h e  re la t ive amplitudes of 

t h e  s i g n a l  a t  q ,  (1-q), ( l + q ) ,  (2-q) e tc . ,  t i m e s  f t h a t  w i l l  be  seen  by posi- 

t i o n  s e n s i t i v e  pick-up e l e c t r o d e s .  General ly ,  it i s  t h e  two lowest sidebands 

mentioned above t h a t  have t h e  l a r g e s t  amplitude f o r  reasonable  k i cke r  pu l se  

shapes.  I n  p a r t i c u l a r ,  f o r  a ha l f -cos ine  shape o r  a t r apezo id  of width l / f  

t h e  amplitude w i l l  range between 0.5 and 1 f o r  a u n i t  k i ck ,  i . e . ,  i f  t h e  maxi- 

0 

0 

mum d e f l e c t i o n  which i s  g iven  by 

0 

i s  one mm, t hen  t h e  amplitude of t h e  f i l t e r e d  pick-up e l e c t r o d e  s i g n a l  a t  (1-q) 

f f o r  q > 0.5 w i l l  be  i n  t h e  range of t h a t  c a l c u l a t e d  f o r  a 0.5 t o  1 mm de- 

f l e c t i o n .  El 

hal f -cos ine  f o r  equal va lues  of 0 t h e  d e f l e c t i o n  angle  but i s  gene ra l ly  more 

expensive t o  genera te .  Hence, un le s s  t h e r e  i s  a severe  l i m i t  on a v a i l a b l e  

a p e r t u r e  f o r  t h e  k i ck ,  t h e  ha l f -cos ine  pulse  can be used.  

0 
The t r a p e z o i d a l  o r  approximate square pu l se  i s  supe r io r  t o  t h e  

k 

Frequency Determinat ion  

The frequency t o  be measured t h e n  i s  e i t h e r  q f o r  (1-q)fo. I n  t h e  AGS 

l i n e  i s  p r e f e r a b l e  
0 

q > 0 .5  i n  both planes f o r  normal ope ra t ion  so  t h e  (1-q)f 

s i n c e  t h e  amplitude of t h e  qf l i n e  would range from 0.25 t o  0.45 f o r  t h e  same 

u n i t  k i ck .  In  o rde r  t o  i n s u r e  t h a t  a s i n g l e  frequency i s  presented f o r  

measurement, t h e  pick-up e l e c t r o d e  s i g n a l  must at some point be f i l t e r e d .  

Hence, a bandpass f i l t e r  covering t h e  range of 0.05 f 

j e c t i o n  of 4 0  db o r  g r e a t e r  a t  0 .5  f o  and above w i l l  be r equ i r ed .  

r o t a t i o n  frequency changes from 210 KHz t o  371 KHz dur ing  t h e  a c c e l e r a t i o n  

0 - 
0 

t o  0.45 f wi th  a re- 

Since t h e  
0 0 
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cyc le ,  t h i s  f i l t e r  must be programmable. Under c e r t a i n  cond i t ions ,  i . e . ,  when 

t h e  chromat ic i ty  i s  l a r g e  and t h e  momentum spread i s  l a rge ,  t h e  coherent  s i g n a l  

can r a p i d l y  d i e  out ( i n  less than  100 Usec). Thus, t h e  t r a n s i e n t  response of 

t h e  f i l t e r  must be considered when t h e  measurement i s  performed. 

frequency f i l t e r  proves t o  be t o o  slow (say  a 25 Usec o r  g r e a t e r  response t ime)  

then  one should cons ider  measuring t h e  qf l i n e .  Then a l a r g e r  k ick  o r  more 

s e n s i t i v i t y  f o r  t h e  s i g n a l  channel w i l l  be r equ i r ed .  

accu ra t e  frequency measurement can  be made wi th  an  automatic  counter  such as 

t h e  HP 53458 o r  53358. The former f o r  sho r t  g a t e  per iods i s  capable  of s e v e r a l  

hundred measurements p e r  second whi le  t h e  l a t t e r  can  make t e n  o r  more p e r  

second. For 100 Usec g a t e s ,  t h e i r  p o t e n t i a l  accuracy i s  f 2 x 10- but i n  

r e a l i t y  t h e  measurements w i l l  be  l i m i t e d  by t h e  s i g n a l  t o  n o i s e  r a t i o  present  

at t h e  input  t o  around 2 o r  b e t t e r  ( s ee  below). Since they  have HP-IB 

(HewLett-Packard I n t e r f a c e  Bus) c a p a b i l i t y  and are  f u l l y  programmable, they  can 

r e a d i l y  be incorpora ted  i n t o  an automated system. 

I f  t h e  lower 

0 

The f a s t e s t  and most 

I n  p r i n c i p l e ,  one would need a t  least  two such counters ,  one t o  measure 

t h e  f i l t e r e d  b e t a t r o n  frequency and another  t o  measure f t h e  r o t a t i o n  frequen- 

cy o r  i n  r e a l i t y  1 2  f i n  t h e  AGS s i n c e  t h e  r f  a c c e l e r a t i n g  frequency i s  r ead i -  

l y  a v a i l a b l e .  A t  t h e  expense of reduced accuracy,  one could use  t h e  B/A r a t i o  

( i . e . ,  t h e  r a t i o  of t h e  counts  i n  t h e  two input  channels)  mode and only one 

counter .  I n  t h i s  case ,  t h e  B input ,  which i s  t h e  r e fe rence  time base,  would be 

t h e  r f  frequency. The f i l t e r e d  input  would go t o  t h e  A input  and one t h e n  

ob ta ins  t h e  r a t i o  B/A which can  e a s i l y  be converted t o  g ive  t h e  va lue  of q. 

a d d i t i o n  t o  t h e  t r i g g e r  e r r o r  which we t a k e  t o  be < f LO- 

cant  d i g i t  e r r o r  would be  E 2 2 x 10- ( f o r  t h e  5345 A) i f  w e  assume a g a t e  

l eng th  of  200-110 Usec, i . e . ,  500 cyc le s  of f r f  t h e  r e fe rence  frequency. 

could improve t h i s  i f  f w e r e  mu l t ip l i ed  by t e n  say,  t o  2 2 x L O v 4  f o r  t h e  LSD r f  
( l e a s t  s i g n i f i c a n t  d i g i t )  e r r o r  s i n c e  one would have 5000 c y c l e s  i n  t h e  same 

per iod .  

a l s o .  

t h a t  t h e  coherent s i g n a l  input  w a s  always above 75 mv p.p. f o r  t h e  minimum 

pei rod  r equ i r ed  t o  accumulate t h e  d e s i r e d  number of c lock pulses .  

A second method of measuring q would be t o  use  FFT (Fast  Four ie r  Trans- 

0 

0 

In  

t h e  least  s i g n i f i -  - 

One 

The number of measurements pe r  second should be t h e  same i n  t h i s  mode 

I f  t h i s  choice  of a s i n g l e  counter  i s  made, one would have t o  i n s u r e  

form) techniques.  

s i g n a l  i s  d i g i t i z e d  every r evo lu t ion .  One, of course ,  always works with t h e  

frequency t h a t  i s  < 0.5 f . Then a d i s c r e t e  Four i e r  t ransform i s  performed 
9 w i th  t h e  d a t a  p o i n t s  (256 e igh t -b i t  words from a Biornation u n i t  w a s  used) .  

As f i r s t  implemented on t h e  CERN PS ' a f i l t e r e d  coherent 

@ 
0 - 
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I) Here t h e  sampling rate d e f i n e s  t h e  r e fe rence  per iod and one ob ta ins  a de te r -  

minat ion of q o r  (1-q) d i r e c t l y .  

t o  t h e  Q va lue ,  an  estimate of t h e  tune  spread and can d e t e c t  t h e  presence of 

l i n e a r  coupl ing and even determine phase o s c i l l a t i o n  f requencies .  l o  

Using t h i s  method, one can  o b t a i n  i n  a d d i t i o n  

It is not  necessary  t o  have a f i l t e r e d  s i g n a l  t o  d i g i t i z e  and f o r  t h e  c a s e  

where t h e  coherent o s c i l l a t i o n  r a p i d l y  decays due t o  Landau damping, f i l t e r s  

are not d e s i r e a b l e  due t o  t h e i r  f i n i t e  response t i m e .  

a s i n g l e  kicked bunch i s  i n t e g r a t e d  and t h e n  d i g i t i z e d  every revolu t ion .  

e i t h e r  case ,  one o b t a i n s  N samples i n  as many r evo lu t ions  and a f t e r  t h e  FFT i s  

performed, one h a s  N / 2  l i n e s  spaced l / N  a p a r t  between f = 1 / N  and f = 

1/2 .  

However, i t  i s  p o s s i b l e  t o  improve on t h i s  without i nc reas ing  N when t h e  tune  

spread i n  t h e  beam i s  such t h a t  4 i s  k1/2 N (assuming a Gaussian d i s t r i b u t i o n  

exp(- Q2/2 4') ). 
squares  f i t  t o  t h e  po in t s  i n  t h e  neighborhood of t h e  maximum. From t h i s  it i s  

p o s s i b l e  t o  o b t a i n  q and 4 f o r  t h e  d i s t r i b u t i o n  assumed. 

found r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  d i s t r i b u t i o n  

t i v e .  An accuracy of o r  b e t t e r  i s  p o s s i b l e  f o r  an N = 256 f o r  example. 

A t  KEK lo  t h e  s i g n a l  from 

In  

min max 
Hence, i n  p r i n c i p l e  t h e  accuracy i s  - < rf: 1 / 2 N  f o r  determining q o r  (1-q) .  

A f t e r  performing t h e  d i s c r e t e  FFT, one then  does a least  

The va lue  of q i s  

whi le  4 i s  much more sens i -  

I f  t h e  t u n e  spread i s  cons iderably  less than  h a l f  t h e  l i n e  spacing,  t h e n  

a 
one must i n c r e a s e  N t o  i n c r e a s e  t h e  accuracy.  S m a l l e r  tune  spreads w i l l ,  of 

course ,  r e s u l t  i n  t h e  coherent s i g n a l  l a s t i n g  f o r  a longer  t i m e  which would 

permit more samples t o  be  obta ined  f o r  a g iven  b i t  r e s o l u t i o n  of t h e  d i g i t i z e r .  

This ,  of course ,  assumes t h e  memory i s  a v a i l a b l e  and t h a t  t h e  tune  does not  

vary  s i g n i f i c a n t l y  over t h e  per iod ,  compared t o  t h e  d e s i r e d  accuracy of 

measurements. The FFT method w i l l  be  much slower than  t h e  counter  measure- 

ments,  p a r t i c u l a r l y  i f  a f i t t i n g  r o u t i n e  i s  included.  It should be poss ib l e  t o  

t a k e  several measurements during a s i n g l e  machine cyc le  and s t o r e  t h e  d a t a  f o r  

l a t e r  processing.  A dedica ted  FFT processor  could be  employed i f  some speed i s  

deemed necessary.  

The E f f e c t s  of Linear  Coupling 

I f  t h e  ze ro th  harmonic of any skew quadrupole f i e l d  i s  not compensated, 

t hen  t h e r e  w i l l  be some l i n e a r  coupl ing  p resen t .  This coupl ing can a f f e c t  t h e  

tune  measurements i n  a manner t h a t  depends upon t h e  method used. For a system 

us ing  a counter  t o  determine t h e  frequency, s i g n i f i c a n t  e r r o r s  can occur  when 

t h e  tunes  i n  both p lanes  are c l o s e  t o  each o t h e r  f o r  one then  has  a s i g n a l  t h a t  

@ 
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con ta ins  two d i f f e r e n t  f requencies  5, 

i n  t h e  k i cke r  plane i s  t r a n s f e r r e d  back and f o r t h  t o  t h e  o t h e r  plane.  Hence, 

t h i s  system i s  not  s u i t a b l e  f o r  automatic  measurements when t h e  Q's are c l o s e  

t o g e t h e r  un le s s  t h e  l i n e a r  coupl ing i s  co r rec t ed .  However, on t h e  AGS, such 

c o r r e c t i o n  i s  r e a d i l y  a v a i l a b l e  and can  be  e a s i l y  implemented. 

s i n c e  t h e  energy from t h e  motion 

The FFT method would, of course ,  reveal t h e  presence of more than  one 

frequency i n  t h e  s i g n a l  input  Hence, i t  could be  used t o  d e t e c t  t h e  presence 

of coupl ing.  l o  

genera l  wi th  t h e  sum of two d i s t r i b u t i o n s .  

I f  a f i t t i n g  r o u t i n e  i s  used,  t hen  one would have t o  work i n  
9 

The E f f e c t s  of Tune Spread  

We cons ider  only t h e  e f f e c t  of momentum spread on t h e  coherent frequency 

f t h a t  i s  t o  be measured. It i s  e a s i l y  shown t h a t  m 

nf = - 4, f [lm-Q/ rl - Q0 ] 
m p o  

where f = f Q when I$ = 0. Wow E, which i s  o f t e n  c a l l e d  t h e  ch romat i c i ty ,  

var ies  i n  t h e  AGS over  a wide range i n  both p lanes  from i n j e c t i o n  t o  t h e  maxi- 

mum energy of s 30 GeV. 

c u r r e n t s  i n  t h e  vacuum chamber and hence i s  dependent on B/B.  Another source 

o f  sex tupole  f i e l d s  are  end e f f e c t s  i n  t h e  a l t e r n a t i n g  g rad ien t  magnets and 

t h e s e  become dominant a t  in te rmedia te  and h igh  f i e l d s .  

mo 0 0  

This v a r i a t i o n  at low f i e l d s  i s  due p r imar i ly  t o  eddy 

A t y p i c a l  va lue  f o r  % i s  - 0.8 a t  i n j e c t i o n ,  passing through zero  around 

18 GeV and becoming c 0.9  a t  28.1 GeV.  

near  i n j e c t i o n ,  -2.5 a t  

u s  c a l c u l a t e  nf f o r  t h e  lowest frequency mode i n  t h e  h o r i z o n t a l  plane f o r  two 

va lues  of t h e  energy, i . e . ,  

t h e  bunch area 0.56 evsec which i s  a t y p i c a l  va lue  f o r  i n t e n s i t i e s  i n  t h e  AGS 

of 3 x 10 l2 o r  less 

= 280 kV we o b t a i n  a ( A  p / p )  of 1 . 3  x 

5 on t h e  o t h e r  hand can be around -1.8 
X 

= 1 8  GeV,  -3.2 a t  28 GeV and -4.4 a t  " 3 0  G e V / c .  L e t  

m 

E = 13.8 GeV and E = 28 GeV.  We t a k e  as 4- 'tr o 

r f  i f  t r a n s i s t i o n  d i l u t i o n  has  been minimized. Assuming V - 
a t  t h e  lower energy and 0 . 7 3  x a t  
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t h e  h ighe r  energy. 

frequency mode, t h e  c o n t r i b u t i o n  of t h e  f i r s t  term i n  t h e  express ion  f o r  LY i s  

n e g l i g i b l e .  We f i n d  & = f 1.77 x 8.65 x 1.3 x 0.02 f at 13.8 G e V  

and & = f 3.2 x 8.65 x 0.73 x 

For l a r g e  va lues  of 5and  cons ider ing  only  t h e  lowest 

m 
mx 0 0 

= 0.02 f o  a t  28 GeV.  

Now t h e  e f f e c t  of a tune  spread i s  t o  cause t h e  amplitude of t h e  coherent  

o s c i l l a t i o n  of t h e  c e n t e r  of charge t o  decay wi th  t i m e .  I n  o rde r  t o  determine 

t h e  decay rate,  we must chose a s u i t a b l e  express ion  f o r  t h e  momentum and hence 

tune  d i s t r i b u t i o n  i n  t h e  beam. We s h a l l  assume a pa rabo l i c  shape of t h e  form 

mx 0 

[1 - ( &)/ 4)) 2]  where 4) i s  t h e  h a l f  width at t h e  edge of a bunch. 

show t h a t  a f t e r  t h e  beam i s  kicked s o  t h a t  a l l  of t h e  p a r t i c l e s  r ece ive  t h e  

same i n i t i a l  u n i t  d e f l e c t i o n ,  t h e  motion of t h e  c e n t e r  of charge w i l l  be given 

Then one can 

by 

3 s i n  Qowot s i n  LQw t 
[A- - cos &wot 3 -- 

X(t)  = 
4)wot 

This express ion  i n  b racke t s  h a s  i t s  f i r s t  zero at  OQW t f 1.43 IT and r ises 
0 

t o  a va lue  of less than  0.08 a t  4Jw t Z   IT. For a .&) = 0.02 with w = 2 7k 371 

KHz, we f i n d  t E96 Wec f o r  t h e  f i r s t  zero o r  about 36 r evo lu t ions .  Fleasure- 

ments made us ing  t h e  E-15 k i c k e r  a t  t h e  above ene rg ie s  wi th  a (1-q) f 

r e s u l t e d  i n  s i g n a l s  t h a t  e x h i b i t  e s s e n t i a l l y  t h i s  behavior  when t h e  l i n e a r  

coupl ing i s  compensated. 

cent  of t h e i r  i n i t i a l  va lue ,  t y p i c a l l y  i n  90 t o  150 Flsec. Since t h e  dynamic 

range of t h e  HI? 5345 i s  30 db, a use fu l  s i g n a l  would be  a v a i l a b l e  over  most of 

t h i s  per iod (al lowing f o r  t h e  f i l t e r  t r a n s i e n t  response t o  decay).  

t h a t  s i n c e  t h e  counter  records  t h e  number of zero  c ros s ing  of t h e  input  s i g n a l ,  

one should t e rmina te  t h e  measurement be fo re  t h e  amplitude modulation t e r m  

reaches  i t s  f i r s t  zero.  

0 0 

f i l t e r  
0 

That i s  t h e  o s c i l l a t i o n s  decay r a p i d l y  t o  a few per- 

We n o t e  

One could,  of course,  d i g i t i z e  t h e  f i l t e r e d  s i g n a l  and perform an  FFT t o  

o b t a i n  an  estimate of q and 4. I f  we assume e ight -b i t  accuracy, t hen  t h e  

dynamic range of amplitudes would be  128: l  o r  " 4 2  db. The i d e a l i z e d  s i g n a l  

descr ibed  above would remain w i t h i n  t h i s  range f o r  Q w  t 6 IT o r  400 l.6ec. 

However, t h e  real s i g n a l  w i l l  d i e  out sooner s i n c e  t h e  bunches w i l l  not i n  

gene ra l  have sharp  edges. 

0 

Thus, f o r  N = 256, many of t h e  samples  w i l l  be  zero.  

e 
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One can s t i l l  o b t a i n  an acuracy of 

c l o s e r  t han  0.05 t o  a n  i n t e g e r  o r  h a l f  i n t e g e r  by t h e  f i t t i n g  procedure 

r e f e r r e d  t o  above. This i s  because t h i s  type  of s i g n a l  is  t i m e  l imi t ed  and 

t h e  sampling per iod  i s  such t h a t  no leakage can  occur and e r r o r s  due t o  

a l i a s i n g  are  avoided by our r e s t r i c t i o n  on t h e  range of q t h a t  can be measured 

accu ra t e ly  . 

f o r  t h i s  va lue  of N, as long as q i s  no 

I n  t h e  d i scuss ion  above we have ignored any e f f e c t s  due t o  synchrotron 

o s c i l l a t i o n s .  

ou t  i n  a t i m e  s h o r t  compared t o  a synchrotron per iod ,  which above t r a n s i t i o n  i n  

t h e  AGS i s  of t h e  o rde r  of 5 msec o r  g r e a t e r .  Even f o r  t h e  v e r t i c a l  coherent 

s i g n a l  which can  decay very  slowly a t  h ighe r  ene rg ie s ,  a 256 poin t  sample would 

t a k e  only  about 1 / 7  of a per iod .  Hence, t h e  e f f e c t s  of frequency modulation at  

w would be  n e g l i g i b l e .  Of course,  i f  one wished t o  r e s o l v e  t h e  spectrum, 

inc luding  t h e  synchrotron s idebands,  t h e  sample time would have t o  inc lude  a t  

least one per iod of t h e  synchrotron frequency. This a l s o  presupposes t h a t  t h e  

coherent  s i g n a l  e i t h e r  does not  completely d i e  out o r  reappear  dur ing  t h e  

sampling per iod .  

i n  t h e  CERN PS. l2 

This omission i s  v a l i d  f o r  t h e  h o r i z o n t a l  s i g n a l  s i n c e  it  d i e s  

S 

Such behavior  has  been observed i n  t h e  AGS3, and ear l ie r  

Measurements made a t  low ene rg ie s  where t h e  synchrotron per iod can  be as 

shor t  as 250 vsec, could of course  be s i g n i f i c a n t l y  a f f e c t e d  whether one uses  

t h e  counter  o r  FFT methods. 

t h e  g a t e  length  equal  t o  a synchrotron per iod i f  one wishes t o  minimize any 

e r r o r  caused by t h e  presence of sidebands.  

although t h e r e  i s  less f l e x i b i l i t y  h e r e  s i n c e  one i s  usua l ly  t i e d  t o  2 

samples. An a n a l y s i s  of t h e  e r r o r s  involved i f  t h e  measurement per iod  i s  not  

ad jus t ed  f o r  t h i s  e f f e c t s ,  p lus  some form of averaging s e v e r a l  measurements, 

w i l l  be  necessary  i f  t h e  accu rac i e s  s t a t e d  ea r l i e r  are  t o  be r e a l i z e d .  

For t h e  counter  scheme i t  might be w i s e  t o  make 

S imi l a r ly  wi th  t h e  FFT approach, 
R 
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Other E f f e c t s  

I n  gene ra l ,  t h e  coherent  frequency w i l l  be  i n t e n s i t y  dependent. This  

arises from t h e  i n t e r a c t i o n  of t h e  beam with i t s  surroundings,  i . e . ,  t h e  vacuum 

chamber and any s t r u c t u r e s  t h e r i n  and a t  low f requencies  (where t h e  s k i n  depth 

i s  g r e a t e r  t han  t h e  w a l l  t h i ckness )  t h e  magnets themselves.  Included i n  t h i s ,  

of course,  would be  t h e  t r a n s v e r s e  dampersI3 which could be  d r iven  i n t o  sa tu ra -  

t i o n  by t h e  coherent o s c i l l a t i o n s  e x i c i t e d  by a k i c k e r  used t o  measure t h e  

tune .  This  could lead  t o  beam blow up and loss at low ene rg ie s ,  and must be 

considered i n  implementing an ope ra t iona l  system. I n  p r i n c i p l e ,  one could 

e x c i t e  l a r g e  o s c i l l a t i o n s  a t  h igh  ene rg ie s  (where t h e  present  damping system i s  

not e f f e c t i v e )  but so f a r  such behavior  has  not been observed. 

O f  course,  any r a d i a l  p o s i t i o n  change dur ing  t h e  measurement per iod  o r  

f l u c t u a t i o n  from cyc le  t o  cyc le  can a l s o  produce measurement v a r i a t i o n s .  

Hence, monitor ing of t h e  r a d i a l  p o s i t i o n ,  as w e l l  as t h e  beam i n t e n s i t y  and 

energy, should be p a r t  of t h e  o v e r a l l  tune  measurement program. 

Some Design Considerat ions 

A t  p resent ,  t une  measurements are  made us ing  a set of t h e  o r i g i n a l  pick-up 

e l e c t r o d e s .  

s e n s i t i v i t y  t h a n  t h e  new e l e c t r o d e s  and a l s o  have a much b e t t e r  low frequency 

response.  The l a t t e r  i s  needed i n  measuring (1-q) f when t h e  t u n e  i s  near  

n ine ,  as i s  o f t e n  t h e  case  a t  low energy. These e l e c t r o d e s  have a d i f f e r e n t i a l  

s e n s i t i v i t y  of a t  least  80 MV/cm pe r  10 l 2  protons.  

around 300 MV t i m e s  t h e  buncing f a c t o r  at 10 12. 

can be  developed a t  10 protons,  p a r t i c u l a r l y  i n  t h e  neighborhood of t h e  

t r a n s i t i o n  energy. 

between t h e  pickups and t h e  input  c i r c u i t .  In  o rde r  t o  improve t h e  s ignal- to-  

n o i s e  r a t i o  f o r  low i n t e n s t i y  measurements, t h e  d i f f e r e n c e  ampl i f i ca t ion  should 

be  done l o c a l l y  on t h e  r i n g .  This  has  been done f o r  t h e  t r a n s v e r s e  damping 

system e l e c t r o n i c s  l 3  with  no d i f f i c u l t i e s  a r i s i n g  from r a d i a t i o n  damage t o  t h e  

components. 

It would be p r e f e r a b l e  t o  r e t a i n  t h e s e  s i n c e  they  have a l a r g e r  

0 

The one s ided  s i g n a l  i s  

Hence, very  l a r g e  peak s i g n a l s  

For t h i s  reason ,  a low pass  f i l t e r  w i l l  be necessary  
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With a ga in  of 40, we can o b t a i n  a 200 M V / m  LO l2 on t h e  r i n g  and a t  low 

f requencies  about 150 MV i n  t h e  Control  Room. Allowing f o r  a t  most a 0.5 re- 

duc t ion  f o r  t h e  amplitude of t h e  ( l -q)  f 

t h e  minimum requi red  f o r  t h e  HP5335A and 2.5 t i m e s  t h a t  needed f o r  t h e  53458. 

One can  e a s i l y  push t h e  s e n s i t i v i t y  down i n t o  t h e  low 10 l 1  proton range, but 

measurements at  t h e  expected i n t e n s i t i e s  f o r  po lar ized  protons,  i . e . ,  10 l o  o r  

less ,  w i l l  t ake  s p e c i a l  e f f o r t .  However, development of e l e c t r o n i c s  f o r  r a d i a l  

p o s i t i o n  s i g n a l s ,  der ived  from a p a i r  of "old" pick-up e l e c t r o d e s ,  t o  be used 

i n  a c c e l e r t i n g  t h e  po la r i zed  pro tons  i s  under way. l 4  Most l i k e l y ,  t h e s e  c i r -  

c u i t s  could be employed i n  a s e p a r a t e  a m p l i f i e r  f o r  very  low i n t e n s i t y  measure- 

ment s .  

l i n e  g ives  75 mV peak s i g n a l  o r  twice  
0 

Considering t h e  s i g n a l s  a v a i l a b l e  from a one mm displacement ,  i t  i s  

reasonable  t o  spec i fy  at least twice  t h i s  va lue  i n  determining t h e  amount of 

k ick  requi red .  Using t h e  express ion  f o r  % given above and assuming 

- 
/f3 f3 = B = R/Q, min max 

we o b t a i n  0 = 2 x 10-3/12.85 f 8.75 = 0.136 mrad. This i s  more than  f i v e  t i m e s  

less than  t h e  o l d  f u l l  a p e r t u r e  C-15,  E-15 k i c k e r  magnets could produce a t  29.4 

G e V / c .  At t h e  maximum cu r ren t  of  5,000 Amps,  t hey  w e r e  r a t e d  a t  30.5 KG inch .  

Hence, one of t h e s e  u n i t s  wi th  a 1 KAmp supply would be  s u i t a b l e  f o r  h o r i z o n t a l  

e x c i t a t i o n .  I f  t h e  o t h e r  o ld  f u l l  a p e r t u r e  u n i t  w e r e  t o  be used f o r  a ver t ica l  

k i cke r ,  a new c o i l  would have t o  be  designed. 

zon ta l  ape r tu re ,  at  least  25% more cu r ren t  w i l l  be requi red  f o r  t h e  same de- 

f l e c t i o n  assuming both k i c k e r s  are at h o r i z o n t a l  B max 
h o r i z o n t a l  f3 . The l a t t e r  i s  t r u e  f o r  t h e  remaining o l d  e l e c t r o d e s  and t h e  

former would be  t r u e  i f  two of t h e  f r e e  5-6 s t r a i g h t  s e c t i o n s  are used f o r  t h e  

k i cke r s .  

I f  we keep t h e  same 6" ho r i -  

and t h e  PuE's are a t  

min 

Other f a c t o r s  t o  be considered i n  t h e  power supply design are t h e  cyc l ing  

ra te  and t h e  cu r ren t  pu l se  shape. The l a t t e r  should be w e l l  formed with less 

t h a n  10% overshoot o r  r i ng ing .  

t h e  shape i s  a h a l f  cos ine  wave of du ra t ion  1/371 KHz o r  2.7 wet, then  a t  in -  

j e c t i o n  energy where f = 200 HHz, t h e  coherent s i g n a l  f o r  t h e  same angular  

I f  we keep t h e  pu l se  length  f i x e d  and assume 

0 
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k ick  and t h e  (1-q) f o  frequency w i l l  be  about 1 / 3  t h e  maximum d e f l e c t i o n .  

can, of course,  compensate by us ing  a l a r g e r  amplitude o r  r e q u i r i n g  g r e a t e r  

s e n s i t i v i t y  i n  t h e  d e t e c t i o n  system. 

not  r e a l l y  requi red .  

could,  of course,  i nc rease  t h e  cos t  of t h e  supply.  Such a requirement would 

need s t r o n g  j u s t i f i c a t i o n .  

One 

In  any event ,  a v a r i a b l e  pulse  length  i s  

The need f o r  m u l t i p l e  k i cks  dur ing  one a c c e l e r a t i o n  cyc le  

Conclusions and Recommendat i ons  

An on-l ine t u n e  measurement system an be implemented wi th  a r e l a t i v e l y  

modest amount of e f f o r t .  The cos t  and t i m e  r equ i r ed  would depend upon t h e  

f i n a l  s p e c i f i c a t i o n s  f o r  accuracy, r e s o l u t i o n ,  s e n s i t i v i t y  and r a t e  a t  which 

measurements would be made. Several  of t h e  requi red  components are a l r eady  on 

hand and no s i g n i f i c a n t  engineer ing  problems need t o  be solved i n  developing 

t h e  remaining p i eces .  

We propose t h a t  t h e  ga ted  counter  method be used with t h e  clock frequency 

being some m u l t i p l e  of t h e  r f  frequency. This system i s  deemed more s u i t a b l e  

f o r  r o u t i n e  ope ra t iona l  checks. We a l s o  propose t h a t  an FFT c a p a b i l i t y  be 

added t o  be used f o r  machine s t u d i e s .  We assume t h a t  f i l t e r e d  coherent s i g n a l s  

w i l l  be  a v a i l a b l e  and t h a t  one of t h e  LeCroy 22568 d i g i t i z e r s  ( e igh t  b i t ,  1024 

words, max. 20 MHz sampling r a t e )  w i l l  be  used at a l l  t i m e s  t o  d i g i t i z e  t h e s e  

s i g n a l s .  One can u s e  a d iv ided  by M c i r c u i t  from f r  t o  choose t h e  sampling 

ra te .  

purposes,  one w i l l  chose N = 1024 and a smaller va lue  f o r  M .  

played on a t e rmina l  could then  be used t o  opt imize t h e  counter  g a t e  t iming and 

du ra t ion ,  and as a check on t h e  presence o f a  s u i t a b l e  waveform f o r  t h e  measure- 

ment. 

0 

f 
For a FFT measurement M = 12 and N = 256 s a m p l e s ,  but f o r  monitor ing 

This  s i g n a l  d i s -  

Of course,  a c o n t r o l  and monitor ing program incorpora t iong  t h e s e  as w e l l  

as o t h e r  elements such as r a d i a l  p o s i t i o n ,  beam energy, i n t e n s i t y ,  and t h e  

c u r r e n t s  i n  a11 quadrupoles and sex tupoles  w i l l  be  requi red .  

mn 

D i s t r i b u t i o n :  Dept. Admin. 
AGS Div: S&P S t a f f  a 
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